INTRODUCTION {#sec1-1}
============

Conventional formulations of many drugs are known to have a short elimination half-life with significant fluctuations in therapeutic drug concentrations. Interest in polymeric matrices for long-term drug release is driven by the need for the elimination of these drawbacks of immediate release systems. Using these advanced systems, treatment outcomes and patient compliance can be enhanced.

In recent years, special investigations have focused to the development of newer systems of ocular drug delivery to attain medications with prolonged retention time and improved therapeutic efficacy.\[[@ref1][@ref2][@ref3][@ref4][@ref5]\]

Toxoplasma gondii is an intracellular parasite that has been considered the leading cause of posterior uveitis in the world (one-third to half of the cases of posterior uveitis). The classic treatment of toxoplasmosis retinochoroiditis consists of oral administration of some antibiotics such as clindamycin, sulfadiazine or pyrimethamine. However, some patients are intolerant of or have infections resistant to systemic therapy. The management of ocular toxoplasmosis in patients who are unresponsive to or intolerant of oral therapy is challenging. In these cases, intraocular drug delivery is one option for these patients.\[[@ref6]\]

For decades, intravitreal injections of clindamycin are used for treatment of many ocular infections of the posterior segment.\[[@ref1][@ref2][@ref3][@ref4][@ref5]\] In the case of toxoplasmos retionochroidit, this kind of administration, through bypassing ocular barriers, can deliver a high concentration of drug to the intraocular tissues; meanwhile, it likely reduces systemic complications. So this rout is very effective in the patients who show resistance to common oral therapy and patients who developed adverse effects of the systemic drug. In addition, during pregnancy especially in the first semester, local administration can avoid of the toxic and teratogenic effects of the drug.\[[@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15]\]

Although, intravitreal injection of clindamycin, has shown promising effects, but, repeated injections are needed to maintain drug concentrations at an effective therapeutics level over a certain period of time due to the short half-life in the vitreous.\[[@ref7][@ref9]\] On the other hand, usually, repeated intravitreal injections result in extreme patient discomfort and may lead to complications such as vitreous hemorrhage, infections, endophtalmitis, cataract or lens injury.\[[@ref1][@ref2][@ref3][@ref4][@ref5]\] Since toxoplasmosis infects many people worldwide, especially in developing countries and this infection is the leading cause of posterior uveitis, need to finding alternative treatments is felt.\[[@ref9][@ref10]\]

The utilization of controlled-release delivery system can be a good alternative for repeated intravitreal injections.

There are some reports of attempts for designing sustained release dosage forms of clindamycin.\[[@ref7][@ref16][@ref17][@ref18][@ref19][@ref20][@ref21]\] The only investigation for development of an intraocular system for clindamycin has been reported by V.S. Rao *et al*., They tried to fabricating a controlled release intraocular system of clindamycin using liposome. But this system was not successful for retarding drug-release rate in rabbit eyes.\[[@ref7][@ref17]\] In 2011, Vukomanovic *et al*., reported successful fabricating of nanoparticles of clindamycin phosphate. This nanoparticluate-based system, which made from PLGA polymer, can retard clindamycin release for about 1 month for treatment of bone infections.\[[@ref16][@ref18][@ref19][@ref20]\] Although these nanospheres were developed for non-ocular applications but the promising results suggested this class of polymers as a suitable material for designing other kinds of clindamycin phosphate-controlled release devices.

Implantable solid devices offer long-term pharmacotherapeutic exposure to the posterior segment. This novel method bypasses ocular barriers, avoids systemic complications and improves compliance.

These devices have been developed employing diverse approaches such as nonbioerodible and bioerodible drug-loaded pellets, discs, plugs and also polymeric matrices with various geometries.\[[@ref2]\] The first intraocular implant which used clinically was Vitasert^©^. This reservoir-type device, was fabricated for controlled-release of ganciclovir in the treatment of cytomegalovirus retinitis. The implant composed of a non-biodegradable polymer. Retisert^©^ and Medidur^©^ were other non-biodegradable polymer implants that approved for chronic uveitis. Despite all the advantages, applications of these systems are with some drawbacks. First of all, for these implants, surgery is necessary for implantation. This operation is associated with potential complications such as vitreous hemorrhage, retinal detachment and endophthalmitis. Also, once the drug is gone, the old implant needs to be removed with another surgery.\[[@ref2][@ref3][@ref4][@ref5]\]

Biodegradable polymer implants have some advantages over the non-biodegradables.\[[@ref3][@ref5]\] These devices are gradually converted to a soluble form through body reactions. Therefore, they do not need to be removed once the drug is depleted. Since, these devices can be formed into various shapes, they offer the potential to be implanted through very small incisions or even injected with a simple procedure. Therefore, common complications that have been associated with the non-biodegradable implants could be minimized.\[[@ref2][@ref3][@ref4][@ref5]\]

Among the biodegradable polymers have been investigated for formulation of dosage forms for ocular purposes, application of poly (lactic-acid) (PLA) and their copolymers with glycolic acid (PLGA) are more attractive. Favorable degradation characteristics and long clinical experiences, made them as the unique biocompatible polymers for intraocular usages. These polymers which belong to aliphatic polyester of the poly (α-hydroxy) acids class, are FDA-approved polymers that have physically strong properties which make them appropriate for fabricating the solid implants. In addition, their biodegradation properties due to hydrolysis into natural metabolites, eliminate any concern about their long-term toxicity and also any needs for removing them, after finishing therapeutic duration.\[[@ref22][@ref23]\] Posurdex^©^ (A biodegradable dexamethasone implant with PLGA) is currently in clinical trials for the treatment of diabetic macular edema. This system showed a significant improvement especially in patients with persistent macular edema.\[[@ref1][@ref2][@ref3][@ref4][@ref5]\] In addition, other biodegradable implants of PLGA and PLA containing wide diversity of drugs for treatment of vitreoretinal diseases are under investigation.\[[@ref1][@ref2][@ref3][@ref4][@ref5]\]

The present study primarily focused on the production of a controlled-release intraocular implant of clindamycin phosphate for treatment of ocular toxoplasmosis using hot melt extrusion (HME) method.

This system, can be easily injected inside the eye (just one time in the treatment period) and keep therapeutic level of the drug for long time. Since, this system is fabricated with biodegradable polymers, there is no need to additional surgery for removing it, after finishing the drug release.

The fabricated implants were thoroughly characterized by examining the effects of polymer type and Polymer ratio on the release mechanism and related kinetic parameters. The dissolution data obtained, was fitted to various mathematical models corresponding to possible release mechanisms. These results can be useful for fabricating of effective long-term drug delivery implant of clindamycin which require accurate control of the rate of drug release over the period of device activity, to ensure efficacy and eliminate toxicity.

MATERIALS AND METHODS {#sec1-2}
=====================

Materials {#sec2-1}
---------

The polymers used in this study, were supplied from Sigma-Aldrich. [Table 1](#T1){ref-type="table"} summarizes details of these polymers, along with the data for intrinsic viscosity and molecular weights.

###### 

Characteristics of the polymers used in our study^a^

![](ABR-4-32-g001)

Clindamycin phosphate (ClP) was supplied courtesy of Behdaroo Co. (Tehran, Iran). HPLC grade-acetonitrile was obtained from Merck (Darmstadt, Germany). All other chemicals were of analytical grades and obtained from Merck.

Production process {#sec2-2}
------------------

The implants were prepared using a laboratory scale vertical ram extruder. [Figure 1](#F1){ref-type="fig"} shows the schematic presentation of the method.

![Schematic representation of the implant manufacturing process](ABR-4-32-g002){#F1}

Firstly, a homogenous mixture of the drug and polymer was prepared. In this regard, clindamycin and PLA or PLGA, with different ratio, were dissolved in a mixture of acetonitrile and distilled water (1:1). The formed solution was then placed in a freezer under -70° C. Then, the frozen solution was lyophilized for about 48 hrs (Chemical-free freeze dryer, Operon, Gyenggi, Korea).

Implants were fabricated by melt extrusion method. Approximately 50 mg of the obtained powder was fed manually, into the barrel of the extruder. The extruder cylinder was heated by using digital temperature controlled heater. In order to check the process ability of various formulations depending on the temperature, preliminary experiments were carried out using different temperatures. On the basis of these preliminary trials, the temperature of 85°C, which allowing to successfully producing an extrudate with uniform shape and satisfactory smooth surface, was selected. The obtained semi-solid mass was extruded through a die plate with 23-G of 0.4-mm diameter, with applying appropriate pressure (which was set at 139 bars). Once the samples had cooled to ambient temperature, the rod-shaped solid extrudates were sliced up in cylinders of approximately 0.5-cm length using a hot cutter.

Different prepared formulations are shown in [Table 2](#T2){ref-type="table"}.

###### 

Composition of different formulations

![](ABR-4-32-g003)

Characterization of the extrudates {#sec2-3}
----------------------------------

### Content uniformity test {#sec3-1}

For the evaluation of content uniformity of clindamycin in the implants, the procedure stated in the general chapter uniformity of dosage units of the United States Pharmacopeia 35\[[@ref24]\] was used.

Ten implants of each batches were selected and weighed. Each implant was dissolved in a mixture of acetonitrile and distilled water as a mobile phase. After filtration and appropriate dilution, the amount of the drug was determined by high-performance liquid chromatography, according to the procedure described in the analysis method section (2.3.3).

The amounts of clindamycin in each implant (μg) were estimated and the results were expressed. The relative standard deviation (RSD) was also calculated.

### In-vitro dissolution studies {#sec3-2}

The *in-vitro* release studies were performed under sink conditions over 2 months. Briefly, three implants, were immersed inside three different tubes containing 1 ml of phosphate buffer (pH 7.4). The tubes were placed inside a batch shaker which set at 37°C ± 0.5°C and 50 rpm. At predetermined intervals, 1.0 ml of the medium was collected and 1.0 ml of fresh buffer was immediately replaced. Collected samples were centrifuged at 5000 rpm for 5 min, filtered and stored in the refrigerator. The amount of clindamycin released was measured by high-performance liquid chromatography (HPLC) using the method described in the section 2.3.3.

The release profile was evaluated as the cumulative percentage of clindamycin released in the medium.

### High performance liquid chromatography {#sec3-3}

The reverse-phase HPLC method was developed and validated by our group for determination of clindamycin in *in-vitro* release medium and *in vivo* samples. Briefly, the chromatograph instrument was a waters system composed Waters 515 pump and Waters 2487 dual absorbance detector (Waters, USA). The stationary phase was CN-RP column (250 × 4.6 mm, 5-μm particle size) from Macherey-Nagel (Germany), made of stainless steel and the mixture of acetonitrile and water (40:60) containing 100-mM tetra methyl ammonium chloride (pH 4.2) was used as a mobile phase. Propranolol was used as an internal standard and injection volume was 100 μl. All the chromatograms were recorded at 204 nm with mobile flow rate of 1 ml/min. Before injection into the system, the implants containing drug, were dissolved in mobile phase with sonication and then filtered through 0.45-μm membrane filter. As a control, samples containing only the pure drug were diluted in the mobile phase and injected.

### Dissolution data analysis {#sec3-4}

The *in-vitro* release data was fitted to various kinetic models corresponding to possible release mechanisms using Microsoft Excel 14.0. Approximately first 80% of the total drug released was fitted into the equations 1-4.

The equations 1-4, are commonly used in the drug release kinetic studies, because of their simplicity and applicability.\[[@ref25][@ref26]\] These models best describe the process of drug release from pharmaceutical dosage forms when either it results from a simple phenomenon, or there is a rate-limiting step, governing the drug-release process.\[[@ref27]\] Equation 1, the zero-order model equation; Equation 2, Higuchi\'s square-root equation; Equation 3 the first order and the 4 is the Korsmeyer-Peppas empirical equation.

![](ABR-4-32-g004.jpg)

Where, M~t~/M~∞~ is the fraction of drug released at any time t; and K~0~, K~H~, K~1~ and K are release rate constants for Equations 1,2,3 and 4, respectively. In Equation 4, *n* is the diffusional exponent indicative of mechanism of drug release.

For consideration of the drug release, drug-release profile was fitted in Korsmeyer-Peppas power model. The *n* value is used to characterize different release mechanisms as given in [Table 3](#T3){ref-type="table"} for cylindrical-shaped matrices.\[[@ref28]\]

###### 

Diffusion exponent and solute release mechanism for cylindrical shape diffusion

![](ABR-4-32-g005)

It must be noticed that, for all the calculations, the results obtained until 24 hrs. for the *in vitro* drug release study were not considered in the kinetic analysis because the burst effect that do not correspond to the real mechanism of the drug release from implants.

### Release profiles comparison and statistical analysis {#sec3-5}

The drug-release profiles were compared using a model-independent method by determining the mean dissolution time (MDT) of the formulations.\[[@ref27]\] The MDT values were subjected to 1-way analysis of variance (ANOVA) using SPSS software version 16, to examine the statistical difference. Post-hoc analysis was carried out according to Tukey multiple comparison tests. A confidence limit of 95% was fixed and used for the interpretation of results.

![](ABR-4-32-g006.jpg)

Where, j is the sample number, *n* is the number of dissolution sample times, tj is the time at midpoint between t~j~ and t~j\ −\ 1~ (easily calculated with the expression (t~j~ + t~j\ −\ 1~)/2, and ΔMj is the additional amount of drug released between t~j~ and t~j\ −\ 1~.

### Scanning electron microscopy {#sec3-6}

The optimum formulation in the drug-release characteristics was investigated morphologically using scanning electron microscopy (SEM, Seron Technology, model AIS-2300). The implants were removed from the dissolution medium at predetermined time intervals. The samples were fixed with an adhesive sheet on a rigid support and covered with gold for their better visualization. Surface changes due to degradation in release medium were considered.

RESULT {#sec1-3}
======

Preparation and evaluation of implants {#sec2-4}
--------------------------------------

Implants were prepared using a HME method without any problems and do not require for adding any additional excipients for improving shape or compressibility.

The appearance of the implants was evaluated immediately after manufacturing. Macroscopically, the rods were smooth and have the color uniformity (due to clindamycin phosphate which had a white color). Breadth was found fix as punch size and thickens was controlled as well to an average of 0.4 mm (for ease of intravitreal injection). Content uniformity, mean weight of implants and diameters are presented in [Table 4](#T4){ref-type="table"}.

###### 

Formulation components and physical characteristics of implants of clindamycin

![](ABR-4-32-g007)

As shown in [Table 4](#T4){ref-type="table"}, mean drug content values were found satisfactorily within limits. In addition, the content uniformity results, showed a uniform distribution of clindamycin phosphate in the implants. None of them were outside the acceptance range of USP 35 (85.0-115.0%)(\[[@ref24]\]) of pre-indicated amount of clindamycin.

*In-vitro* dissolution studies {#sec2-5}
------------------------------

Fabricated formulations (shown in [Table 2](#T2){ref-type="table"}), were evaluated and compared in the release kinetic pattern for demonstration the effects of ratio of GA to LA, polymer molecular weight and drug-to-polymer ratio.

A plot of cumulative percentage released vs. time for matrix-embedded controlled release micro-cylindrs of ClP presented in Figures [2](#F2){ref-type="fig"}--[7](#F7){ref-type="fig"}. As shown in the diagrams, the typical biphasic release pattern was observed for the formulations: An initial burst phase (days 0-1) and more controlled secondary phase (days 2.5 - 56). The drug released during the burst-release phase which observed for all the formulations in the first day of the experiments varied between 14% in the case of formulation (F21) and 64.5% in the case of formulation (F4). For the all formulations, as the drug loading increased from 10 to 40%, the release rate increased.

![Comparative release profile of clindamycin from controlled-release matrix implants prepared using different proportions of PLGA 50/50-1. Each data point represents the average of 3 samples with SD](ABR-4-32-g008){#F2}

![Comparative release profile of clindamycin from controlled-release matrix implants prepared using different proportions of PLGA 50/50-2. Each data point represents the average of three samples with SD](ABR-4-32-g009){#F3}

![Comparative release profile of clindamycin from controlled-release matrix implants prepared using different proportions of PLGA 50/50-3. Each data point represents the average of three samples with SD](ABR-4-32-g010){#F4}

![Comparative release profile of clindamycin from controlled-release matrix implants prepared using different proportions of PLGA 75/25. Each data point represents the average of 3 samples with SD](ABR-4-32-g011){#F5}

![Comparative release profile of clindamycin from controlled-release matrix implants prepared using different proportions of PDLLA -1. Each data point represents the average of 3 samples with SD](ABR-4-32-g012){#F6}

![Comparative release profile of clindamycin from controlled-release matrix implants prepared using different proportions of PDLLA -2. Each data point represents the average of 3 samples with SD](ABR-4-32-g013){#F7}

For determining the release kinetic models, the drug release data were kinetically evaluated and fitted to the four different kinetic models (Equations 1-4).

The kinetics parameters and (r^2^) values for the various models are given in [Table 5](#T5){ref-type="table"}. The selection of the model for each formulation was based on the selection of higher r^2^. Although, there was no single kinetic model that could explain the entire release profile clindamycin from all the implants but these data indicating that, the entire release profile was best described by Higuchi model for PLA implants and first order for PLGAs.

###### 

Kinetic values for the various formulations

![](ABR-4-32-g014)

According to this table, *n* values for evaluation the drug release mechanism, for different formulations ranged from 0.1 up to 0.96.

Mathematical analysis of the release kinetics indicated that, In the PLGA formulations, anomalous mechanism which is the combination of drug diffusion and polymer relaxation is responsible for drug release from matrices (*n* \> 0.5).

For the PLA implants, the dominant mechanism is Higuchi and *n* value is more consistent with the Fickian diffusion (*n* \< 0.5).

[Table 6](#T6){ref-type="table"}, demonstrated MDT values of the formulations. The MDTs of the drug \[[Table 6](#T6){ref-type="table"}\], can show the effects of different formulation parameters, more clearly. According to these data, MDT extended from 22 hours in the case of 40% PLGA with lowest molecular weight (F4) to more than 36 days in the case of 90% polymer-to-drug ratio of the PLA with highest molecular weight (F21). Post-hoc ANOVA, was used for statistical analysis of the MDTs.

###### 

MDT calculated for various formulations (mean±SD)\*

![](ABR-4-32-g015)

The statistical analysis confirmed significant differences in MDTs between PLAs and PLGAs (*P* \< 0.05). This difference, can show the more important role of PLA for sustaining the drug release. On the other hand, the results did not show any significant differences between different PLGA formulations (*P* \> 0.05). As shown in [Table 6](#T6){ref-type="table"}, in this class of implants, MDTs decreased with decreasing polymer: drug ratios or using PLGA with lower molecular weights (0.92 days in the case of lower molecular weight of PLGA 5050 with lower polymer-to-drug ratio (F4) vs. 1.55 days in the case of higher molecular weight of PLGA5050 with higher polymer-to-drug ratio (F9)) but this changes was not significant. In addition, in PLGA formulations, with an increase in LA ratio (in the case of PLGA 7527), MDT was improved, but again not significantly (MDT was 1.55 days in lower polymer-to-drug ratio to 3 days in higher ratio). So the highest MDT between PLGAs was 3 days and belonged to F13 which composed of PLGA 7527 with 10% w/w drug.

In the cases of PLAs, comparisons showed increasing in MDT from 7.06 days for F20 to 15.03 days for F17 (for PDDLA-1 polymer) and from 14.32 days for F24 to 36.38 days for F21 (for PDDLA-2 polymer). So more successful drug retardation was obtained with PLAs.

Observation of the implants surfaces {#sec2-6}
------------------------------------

In order to verify the *in-vitro* release data and having more information about degradation characteristics of the implants in the dissolution medium, the formulation F18 (fabricated from PDDLA-1 polymer containing 20%w/w drug) which showed appropriated release pattern, was evaluated microscopically \[[Figure 8](#F8){ref-type="fig"}\]. Implants surfaces were compared before and 1, 2, 3 and 10 weeks after placing in the release medium. As shown in the SEM images, negligible cracks are appearing on the implants surfaces after 2 weeks \[[Figure 8c](#F8){ref-type="fig"}\]. After 3 weeks, some other little fractures, developed \[[Figure 8d](#F8){ref-type="fig"}\]. After 10 weeks, we can see the highly porous surfaces of the systems which are result of drug depletion and producing more pores in the system \[[Figure 8e](#F8){ref-type="fig"}\]. These images show structure of PLA implants was well maintained with evidence of little degradation during treatment.

![SEM image of the surface of PLA implants containing 20% w/w clindamycin (F18), before incubation in release medium (a), after 1 week (b), 2 weeks (c), 4 weeks (d) and 10 weeks (e) incubation](ABR-4-32-g016){#F8}

DISCUSSION {#sec1-4}
==========

PLA and PLGA polymers are very attractive as a matrix former for implant dosage forms because of good biocompatibility and biodegradability. These dosage forms which produced by different approaches, usually exhibit a long-term drug release for several weeks to months.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref22][@ref23][@ref29][@ref30]\] Their drug release is mainly based on diffusion through the continuous polymer matrix and on degradation and erosion of the matrix polymer.

Actually, "drug release" which refers to the action in which drug solutes transfer from the primary position in the polymeric matrices to the outer surface of polymer and then to the release medium, is affected by multiple complex factors. These factors include the solutes physiochemical properties, the material system characteristics, release medium and the possible interactions between these factors.\[[@ref28][@ref29][@ref30][@ref31]\] Many publications have shown different formulation parameters which can affect drug release kinetics. These results demonstrates that the rate of drug release from polymeric carriers vary greatly with the type of drug.\[[@ref31][@ref32][@ref33][@ref34]\]

In this approach, clindamycin phosphate, a water-soluble drug (more than 150 mg/ml),\[[@ref16]\] was used for fabricating a sustained release intraocular implant. This implant which should supply a drug for approximately 4-5 weeks, are considered to be useful for the patients who need anti-toxoplasmic treatment but cannot take medicine orally or by several intravitreal injections. This implant can be easily injected intraoculary, only once during the treatment and become a good substitute for other kinds of treatments.

Until now, there are many reports of successfully applications of intraocular implants containing wide range of drugs such as antimicrobial, antiviral and anti-inflammatory agents.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref22]\]

In the case of clindamycin phosphate, there are some reports of attempts for designing sustained release dosage forms of this antibiotic.\[[@ref7][@ref16][@ref17][@ref18][@ref19][@ref20][@ref21]\] Hascicek *et al*., tried to design floating tablet of clindamycin. This system could produce some reductions in release rate but failed to change release mechanism.\[[@ref21]\] In the report of V.S. Rao *et al*., the aim was production of liposome-encapsulated clindamycin in treatment of *Staphylococcus aureus* endophthalmitis. They found, clindamycin concentration was 28 μg/ml in the rabbit eyes, after 48 hours (vs. 2.3 μg/ml after 24 hours in the case of non-encapsulated form).\[[@ref7][@ref17]\] Although, this study showed some kind of drug release retardation but this system could not be used as a long-term delivery system. Vukomanovic *et al*., reported successful fabricating of controlled release formulation of clindamycin phosphate. This nanosphere-based dosage form, which made from PLGA polymer can retard clindamycin release for about 1 month and be used in treatment of bone infections.\[[@ref16][@ref18][@ref19][@ref20]\] This report, beside to other complimentary studies which have been done by this group, may offer the poly(α-hydroxy) acid polymers as the promising materials for fabricating of controlled-release devices of clindamycin.

Generally, controlling of hydrophilic drug release rate is more challenging, especially if the matrix is also hydrophilic and swells in the buffer solution so that the drug can rapidly diffuse through the swollen regions and "dump" into solution. Thus, long-term delivery of hydrophilic drugs like clindamycin phosphate is most likely in polymeric carriers composed of relatively hydrophobic matrices such as PLGA and PLA.

In this study, polymeric matrices were prepared with a HME method. This method is becoming a widely used method by pharmaceutical industries. Indeed, HME is a process of converting a raw material into a product of uniform density and shape by forcing it through a die. With designing the die and controlling other conditions such as temperature and pressure, the extrudates with desirable shape and size, can be obtained. This method is currently applied in the pharmaceutical industries for the manufacture of a variety of dosage forms such as tablets, pellets, granules, suppositories and implants.\[[@ref35][@ref36][@ref37][@ref38][@ref39]\] HME has some advantages such as fabricating more uniform polymeric matrices, less process steps and having possible wide ranges of shapes and sizes of dosage forms.\[[@ref39][@ref40][@ref41][@ref42][@ref43]\]

Different formulations containing clindamycin, using thermoplastic polymers of PLGA and PLA were fabricated with this method \[[Table 2](#T2){ref-type="table"}\]. These Implants with a rod shape and diameter of 0.4 mm were prepared with different formulations. The mixing with lyophilization method and subsequent compression with applying appropriated heat and pressure, indicating this simple compression method as a suitable technique for development of the implants with a uniform drug content.

These formulations were evaluated and compared in the release kinetic pattern for demonstration of the effects of ratio of GA to LA, polymer molecular weight and drug-to-polymer ratios.

As mentioned before, *in-vitro* release data has shown, two-phase cumulative release profile of clindamycin for all the formulations. The first phase is burst release phase, which was mainly due to drug desorption and diffusion from the surface and small pores on the surface of implants. With increasing the drug ratio, since more drug is trapped on the surface of the polymer matrix during the manufacturing process, burst effect (BE) is appeared upon activation in a release medium. In the effort to reduce the high initial burst effect and short release duration of the drug, we used polymers with higher lactide content (PLGA 75:25 and 100:0) to prepare implants. With using higher LA contents, some decreases in BE were seen. For example, this value was reduced from 31% in the case of F13 to 19% and 14% for F17 and F21, respectively. Results showed, when LA part of copolymer increased, the initial burst effect, is decreased due to presence of more hydrophobic monomer, which depressed the initial penetration of water into the systems.

The second portion of the release curves is a sustained release phase. Duration of this part of curves was varied according to formulation types.

In order to obtain meaningful information for the release kinetic models, the drug release data were kinetically evaluated and fitted to the four different kinetic models:

Zero-order rate Eq. (1) which describes the systems where the drug release rate is independent of its concentrationFirst-order Eq. (2) which describes the release from system where release rate is concentration dependentHiguchi Eq. (3) which described the release of drugs as a square root of timeKorsmeyer-Peppas Eq. (4), which with calculating parameter '*n*', gives insight into the release mechanisms and can predict many kinds of drug dissolution profiles.\[[@ref33][@ref37]\]

Actually these four models are the major models which have best describing of drug-release phenomena.

It is possible to visualize three steps which govern the drug release from implants; penetration of the dissolution medium into the polymeric matrix, dissolution of dispersed drug particles and diffusion of the dissolved drug through the polymeric matrix. The slowest step will control the release rate. If diffusion of the drug is the rate-limiting step, the drug release follows Higuchi square root kinetics. However, if the dissolution of the drug is the rate-limiting step, the drug release follows zero-order kinetics.\[[@ref27][@ref31]\] Values obtained from Korsmeyer-Peppas equation, indicated that, for all the PLGA formulations *n* values confirm the non-Fickian mechanism which is the combination of drug diffusion and polymer relaxation as the responsible for drug release from matrices. This parameter ranged from 0.64 to 0.96 for PLGA5050 formulations and from 0.53 to 0.79 for PLGA with 75:25 LA-to-GA ratio. The lower *n* value in PLGA with higher LA monomer, can mean decreasing polymer relaxation role in drug release and closing the release to Fickian one.

For the PLA implants, the dominant mechanism is Higuchi and *n* value is more consistent with the Fickian. According to the Higuchi model, in the present study, the release of clindamycin from the implants is mainly controlled by micropores diffusion phenomena. Indeed, because clindamycin phosphate is a water-soluble drug, it is more reasonable that, diffusion through the matrices be considered as the rate-limiting step. As other experiments also reported, Higuchi model can fit easily in the system which hydrophilic drug is entrapped in systems which matrix swelling and dissolution are negligible.\[[@ref44][@ref45][@ref46][@ref47][@ref48]\] In Di Colo study, Higuchi mechanism was reported for a hydrophilic drug releasing from hydrophobic controlled release matrices of silicone elastomers and ethylene-vinyl acetate copolymers.\[[@ref46]\] Kunou *et al*., developed the long-term sustained release of ganciclovir from biodegradable scleral implant for the treatment of cytomegalovirus retinitis. Their implants were composed of PLA containing 20% w/w gancilovir. They reported release of the drug from homogenous matrices, by diffusion controlled mechanism which followed from Higuchi mechanism.\[[@ref29]\] Miyajima\'s research group, studied release of hydrophilic substance of papaverine from biodegradable PLA biodegradable cylindrical matrix which prepared with heat compression method. They found two sequential diffusion stages in the release profile. The first stage was burst-release phase due to diffusion of papaverin through the swollen matrix. In the second release phase, the solute diffused through the water-filled micropores. With fitting in release kinetic models, Higuchi was suggested as a best model for describing the release phenomena.\[[@ref47]\] In addition, for 5-Fluorouracil releasing from PLA polymeric nanoparticles, Higuchi was reported as a best mechanism for releasing of this hydrophilic drug by Ocal H., *et al*.\[[@ref48]\]

In the present study, as we can see in the different release plots of the clindamycin, in formulations with PLA more controllable release pattern was seen. Among all the formulations which fabricated with PLAs, F18, which is composed of PDLLA-1 and 20% drug loading, is the best one as the clindamycin controlled-release implant. In this formulation, MDT value was calculated about 14 days. For this implant, drug release begin with the initial burst effect of 23% (equal to 125 μg of clindamycin) in the first day and continue for about 5 weeks with therapeutics drug level maintenance (ED50 reported as 1.5 μg/ml for clindamycin anti-toxoplasmosis effects\[[@ref9]\]). So we can expect the efficient anti-toxoplasmosis effect in *in-vivo* experiments. SEM images also confirmed maintaining the structure of these devices which can guarantee more uniform drug release in duration of device activity and also preventing of secondary burst release. So F18, can be considered for more future *in-vitro* considerations and also *in-vivo* drug release in rabbit eyes.

CONCLUSIONS {#sec1-5}
===========

In this research the cylindrical extrudates was produced using the hot-melt extrusion process for the purpose of developing a clindamycin sustained intraocular implants. The potential of this alternative device has been highlighted and it has been demonstrated that the drug release from the extrudates can be appropriately tailored through suitable selection of the dimensions of the cylinder and polymer type and ratio.
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